SUMMARY The early and late alterations in left ventricular function which follow a change in contraction frequency were assessed in 10 conscious dogs. Chronically implanted pulse-transit ultrasonic dimension transducers were wed to measure the dynamic geometry of the left ventricle and a high-fidelity micromanometer was employed to measmre left ventricular pressure. The heart was paced from the atrium and, after every 20th regular beat, an extrasystole and a postextrasystole were introduced into the basic pacing rhythm. The ratio of the maximum derivative of left ventricular pressure (!*",") of the postextrasystolic beat to the P , , , of the control beat was used as a measure of the degree of postextrasystolic potentiation of ventricular function. This postextrasystolic ratio was found to be significantly influenced by the interval preceding the postextrasystolic beat; as this interval was increased, the end-diastolic volume and the V nax of the postextrasystole also increased. When the end-diastolic geometry of the control and postextrasystolic beats were made identical, the postextrasystolic ratio reflected postextrasystolic potentiation of the inotropic state. The degree of postextrasystolic inotropic potentiation was found to be a direct linear function of the change in contraction frequency induced by the extrasystole (r 2= 0.97). Thus, end-diastolic geometry and the magnitude of the frequency perturbation must be carefully controlled when postextrasystolic potentiation is used to evaluate left ventricular function. In contrast to postextrasystolic potentiation, steady state changes in contraction frequency did not significantly alter V mMX (P > 0.20). However, significant decreases in end-diastolic volume were observed with increasing steady state heart rates (P < 0.0S). This decrease in end-diastolic volume may be partially responsible for the lack of potentiation of steady state P mml after a sustained increase in contraction frequency.
THE DEPENDENCE of the force of contraction on the frequency of preceding contractions is a fundamental property of myocardium first appreciated by Bowditch in his 1871 description of the treppe phenomenon. 1 Since this classic study, a variety of related phenomena, such as postextrasystolic potentiation, poststimulation potentiation, and the response to paired pacing, have been described and evaluated. 2 
"
5 These frequency-dependent properties have been noted not only in isolated cardiac muscle, but also in the intact hearts of anesthetized and conscious subjects. 6 " 9 The changes in myocardial function that accompany alterations in frequency may be divided into two phases: an early rapid-phase and a late slow-phase. 10 In the rapidphase, a 2-to 3-fold potentiation of the maximum isometric contraction force and of the maximum force derivative occurs in isolated papillary muscles immediately after a change in frequency."- l2 The phenomenon of postextrasystolic potentiation also may be classified as a rapidphase, force-frequency property. 13 In this instance, the prematurity of the extrasystole represents a transient increase in the frequency of contraction, and the potentiation of function in the postextrasystolic beat manifests the rapid-phase changes which accompany this single-beat frequency perturbation. With sustained frequency alterations, late-phase force-frequency changes interact with rapid-phase changes so that 50-100 beats after a sustained frequency alteration, a new steady state functional status is established.
Since the observations of Langendorff 2 and, later, of Woodworth, 14 it has been recognized that significant changes in contractile force occur after an extrasystole in isolated myocardium. In 1925, Wiggers first observed postextrasystolic potentiation of left ventricular pressure in the intact ventricle. 15 More recently, Hoffman et al. 8 demonstrated that postextrasystolic potentiation was significant in both normal and failing isolated heart preparations. The objective of the present investigation was to evaluate the rapid-and late-phase force-frequency relationships in the left ventricles of conscious dogs and to elucidate some of the factors that influence the degree of frequency-induced potentiation of function in the normal intact heart.
Methods

Animal Preparation
The preparation used in these studies has been described in detail elsewhere. 16 Briefly, 10 healthy adult mongrel dogs (22-31 kg) of both sexes were surgically instrumented for subsequent studies in the conscious state. Each dog was anesthetized with intravenous sodium pentobarbital (25 mg/kg), and a left thoracotomy was per-formed through the 5th intercostal space. Pulse-transit ultrasonic dimension transducers were implanted on the left ventricle to measure minor axis diameter, major axis diameter, and equatorial wall thickness (Fig. 1) . Bipolar pacing electrodes were sutured to the right atrial appendage, and a polyvinyl chloride catheter was positioned in the arch of the thoracic aorta via the left internal mammary artery. In five dogs, a Statham TTQ series flow transducer was implanted around the ascending aorta. Leads from the implanted devices were left in a subcutaneous pouch at the base of the neck. Each dog received daily intramuscular injections of procaine penicillin G (6 x 10 5 U) and dihydrostreptomycin (0.75 g) for 5 days postoperatively. During this time period, the dogs were conditioned to lie quietly on a fluoroscopic table.
Instrumentation and Data Acquisition
Seven to 10 days after implantation, each dog was studied in the conscious state. Under 1% lidocaine local anesthesia, a Millar PC-350 micromanometer (natural frequency, 25-35 kHz; relative damping, 0.04) was introduced percutaneously into the right femoral artery and advanced into the left ventricle under fluoroscopic guidance. The micromanometer was zeroed to atmospheric pressure and calibrated at 37°C prior to catheterization. The leads from the ultrasonic dimension transducers were exteriorized under 1% lidocaine local anesthesia and connected to a sonomicrometer. The principles of pulsetransit sonomicrometry have been discussed elsewhere. 16 Aortic pressure was measured with a Statham P23Db pressure transducer directly coupled to the implanted aortic catheter.
Ascending aortic blood flow was measured with a Statham M4001 electromagnetic flowmeter. The performance characteristics of this flowmeter have been described by McDonald. 17 In the data analysis, zero flow was assumed at end diastole. The flow transducers were calibrated before and after implantation with a gravity-FICURE 1 Illustration of the preparation used in these studies.
fed, saline system. The calibration constants for each probe varied by less than ±6% from the mean value throughout these experiments.
Right atrial pacing was performed with an electrically isolated stimulator which was specifically designed to pace and introduce extra beats in the manner described in the pacing protocol. A highly stable, crystal-controlled reference oscillator was used in conjunction with programmable digital counters to generate the timing intervals. The intervals were accurate to within ±0.05%. A batterypowered current generator was used to produce the pacing stimulus and was electrically isolated from the digital circuitry by optical couplers. The stimulus current could be adjusted from 0 to 24 mA. The digitally controlled duration of the pacing stimulus could be varied from 1 to 99 msec.
Analogue measurements of minor axis diameter, wall thickness, major axis diameter, aortic pressure, left ventricular pressure, aortic flow, and lead I of the electrocardiogram were recorded on magnetic tape with a HewlettPackard 3520B FM recorder. During the data collection, it was helpful to monitor an x-y plot of the derivative of left ventricular pressure vs. the minor axis diameter with a Tektronix R5113 storage oscilloscope. The recorded data were later transcribed to paper at 100 mm/sec using a Hewlett-Packard 7700 eight-channel thermal paperwriter (frequency response DC-70 Hz). During the playback of the data, the first derivative of left ventricular pressure was computed with a Hewlett-Packard 8814A differentiator with the critical frequency set at 100 Hz. The differentiator was calibrated using a Wavetek 155 ramp wave generator.
Pacing Protocol
Atrial pacing was employed in these experiments to assure that activation of the ventricle occurred in the normal pattern. It has been shown previously that ventricular pacing detrimentally affects ventricular performance. 18 • l9 Although atrial pacing avoided these problems, variable conduction of the extrasystolic stimuli through the atrioventricular node frequently occurred, requiring measurement of the R-R intervals of the electrocardiogram (ECG) to determine the exact contraction intervals.
Only dogs with intrinsic heart rates of less than 110 min" 1 were accepted for study. The first stage of the experiment was designed to evaluate the rapid-phase force-frequency characteristics. The basic heart rate was controlled by pacing at approximately 10% above threshold at a regular frequency of 100 min" 1 (basic cycle interval, X. o = 600 msec). The basic rhythm was momentarily suspended after every 20th regular beat, and an extrasystole was introduced at a constant interval (\| = 200 msec) after the last regular beat (the control beat). The extrasystole was followed by a second extrasystole (the postextrasystolic beat) which was introduced at an interval X 2 after the control beat (Fig. 2) . During the introduction of the two extrasystoles, the basic pacing rhythm was suspended for a total time equal to three basic intervals, thereby maintaining the average frequency of contraction at the basic frequency. The basic rate was then resumed for 20 more beats before the next pair of extrasystoles was introduced. The cadence of 20 regular beats was selected to allow sufficient time for the peak derivative of left ventricular pressure (P max ) to return to control values prior to the introduction of the next pair of extrasystoles.
The interval X 2 was varied over a wide range of values. The ratio of P max of the postextrasystolic beat to P max of the previous control beat was calculated for each value of \ 2 . This ratio quantitatively expressed the potentiation of left ventricular function that resulted from the early extrasystole. This ratio is termed the "postextrasystolic ratio" throughout this manuscript.
The dependence of the postextrasystolic ratio on both the prematurity of the extrasystole and the basic pacing frequency was investigated by varying the intervals X o a n d Xi independently. For each combination of X o and X,, the interval to the postextrasystolic beat (X 2 ) was adjusted so that the end-diastolic geometry of the postextrasystolic beat was equal to that of the control beat. First X o was held constant, and X, was progressively increased by 100-msec increments from 200 msec to the value of the basic interval. For example, at a basic rate of 100 min" 1 (X o = 600 msec), extrasystoles at 200, 300, 400, 500, and 600 msec were tested. The basic pacing rate was then altered, and again X, was varied. This procedure was carried out in each-dog for basic heart rates of 100, 120, and 150 min" 1 (X o = 600, 500, and 400 msec, respectively). At each heart rate, the change in the frequency of contraction (Af) induced by the extrasystole was defined as the difference between the frequency of the extrasystole (ft = 1/Xi) and the basic pacing frequency (f 0 = 1/X O ). Since cycle intervals were expressed in units of milliseconds throughout this manuscript, an appropriate conversion factor was required to express the computed frequencies in units of cycles/minute. In these analyses, all intervals were obtained from the R-R interval of the ECG rather than the stimulation interval because variable conduction delays of the extrasystoles typically occurred through the atrioventricular node. Whenever the basic pacing rate was altered, an equilibration period of 5 minutes was allowed prior to resumption of data collection.
The second stage of the experiment was designed to evaluate the late-phase response to an alteration in the frequency of contraction. Six dogs could be paced satisfactorily at basic heart rates of 100, 120, 150, and 200 min" 1 . At each basic rate, pacing was performed for 5 minutes before data acquisition to assure that a steady state functional status had been reached. For each dog, the mean values of steady state left ventricular end-diastolic dimensions and P max were computed for 10 consecutive beats at each heart rate. For the combined series of dogs, the mean values of end-diastolic dimensions and Pmax at each heart rate were compared with values obtained at the other heart rates, using a paired /-test.
Data Calculations
Since the use of P max to describe ventricular function depends upon accurate measurement and minimal distortion of the pressure waveform, left ventricular pressure was obtained with a high-fidelity micromanometer. 20 Fourier analysis was performed on left ventricular pressure waveforms to determine the frequency content of left ventricular pressure and left ventricular dp/dt. Analogue left ventricular pressure signals were digitized at 5-msec intervals by an IBM 1130/System 7 digital computer, and the first 10 harmonics of the Fourier series were calculated. The Fourier series of left ventricular dp/dt was obtained by differentiating the Fourier series of left ventricular pressure. The cumulative variance (V c ) of the Fourier series was used to determine the significant harmonic terms. 21 V c for the i th harmonic of a Fourier series was calculated from the formula:
where M n is the modulus of the n th harmonic. The total variance (V t ) of a Fourier series was defined as half the sum of the squares of the moduli for the first 10 harmonics.
Left ventricular volume (V) was calculated from the dimension measurements using the formula for a prolate spheroid:
where b is the minor axis diameter, h is the wall thickness, and a is the major axis diameter. The validity of using this model to estimate left ventricular volume has been demonstrated previously. 16 
Results
Characteristics of P ma , in the Conscious Dog
The typical relationships that were observed between minor axis diameter, aortic flow, left ventricular dp/dt, and left ventricular pressure are illustrated in Figure 3 . In the conscious dog, P max always occurred 5-10 msec prior to the onset of aortic flow and ejection-phase shortening of the minor axis diameter. The changes that were observed in ventricular dimensions during the isovolumic period were minimal in the awake preparation (Fig. 2) , as described previously. 18 The Fourier analyses of left ventricular pressure and dp/dt from a typical experiment are illustrated in Figure  4A and B, respectively. The cumulative variance expressed as a percentage of the total variance is shown for each harmonic. For left ventricular pressure, 97% of the total variance was contained in the first three harmonics. The fundamental frequency for these data was 2 Hz, and, therefore, the first three harmonics included frequencies up to 6 Hz. For dp/dt, 97% of the total variance was contained in the first six harmonics, which included fre- quencies up to 12 Hz. These data indicate that most of the information in the left ventricular pressure waveform was contained in frequencies of less than 6 Hz, and nearly all of the information in the dp/dt waveform was contained in frequencies of less than 12 Hz. Therefore, distortion in the computation of left ventricular dp/dt was avoided by setting the critical frequency of the differentiator at 100 Hz.
22
The Determinants of Postextrasystolic Potentiation of Left Ventricular Function
Effects of Timing of the Postextrasystolic Beat
Analogue recordings of the physiological data are shown in Figures 2 and 3 . Peak left ventricular pressure, Pmax. ejection-phase shortening of the diameters, systolic wall thickening, stroke volume, and peak aortic flow were all potentiated in the beat following the extrasystole. For the sequences shown, the end-diastolic dimensions of the postextrasystolic beats were identical to those of the control beats. Figure 5 illustrates the effects of varying the interval to the postextrasystolic beat (X 2 ). In this particular study, the basic heart rate was 100 min" 1 (X. o = 600 msec), and an extrasystole was introduced at a constant interval of 
FIGURE 4 Fourier analysis of (A) left ventricular pressure and (B) left ventricular dp/dt for the first ten harmonics of the basic frequency. The cumulative variance (V c ) is expressed as a percentage of the total variance (V,).
FIGURE 5 Effects of varying the interval to the postextrasystolic beat (\2) on end-diastolic dimensions, Pmax, and the postextrasystolic ratio. X o and X, were held constant at 600 and 250 msec, respectively. The mean of five control beats (circles) and postextrasystolic beats (triangles) are shown for each X 2 tested. The bars, representing the standard error of the mean, were excluded when the standard error was within the limits of the symbol. NS = no statistically significant difference between the control and postextrasystolic measurements at that value
250 msec. When the postextrasystolic beat was introduced early (e.g., X 2 = 450 msec), the end-diastolic volume was diminished relative to control, as evidenced by the significantly decreased minor and major axis diameters and increased wall thickness (P < 0.05). Conversely, when the postextrasystolic beat was introduced late (e.g., X 2 = 900 msec), the end-diastolic volume was increased relative to control as evidenced by the significantly increased minor axis diameter and decreased wall thickness (P < 0.05). There was, however, a time period during which there was no significant difference between the end-diastolic dimensions of the postextrasystolic beat and control contractions (P > 0.2). This period was termed the "isolength period" and, in Figure 5 , was between X 2 = 610 msec and X 2 = 750 msec. If the postextrasystolic beat was introduced within this isolength period, the calculated end-diastolic volume was identical to that of the control beat. In these normal awake dogs the minor axis diameter appeared to be the most specific dimension for defining the isolength period. When the end-diastolic minor axis diameter of the postextrasystolic beat was identical to that of the control beat, the end-diastolic wall thickness and the end-diastolic major axis diameter of the postextrasystole also were identical to control (Fig. 5A-C) . However, the converse was not always true, as demonstrated in Figure 5 .
The timing of the po&textrasystolic beat also influenced Pmax and the postextrasystolic ratio ( Fig. 5D and E) . When the postextrasystolic beat was introduced early, Pmax and the ratio were markedly attenuated. Within the isolength period, P max of the postextrasystolic beat and the postextrasystolic ratio were relatively constant. When the postextrasystolic beat was introduced late, P max and the ratio were slightly greater than during the isolength period. The timing of the isolength period was dependent on both the basic pacing interval (X o ) and the interval to the extrasystole (X,). Based on the data from these studies, it was determined that the end-diastolic dimensions of the postextrasystolic beat were consistently isolength when the interval to the postextrasystole (X 2 ) was determined from the formula:
Effects of Timing of the Extrasystole and the Basic Rate
Using only postextrasystolic beats introduced during the isolength period, the mean maximum postextrasystolic ratio for this series of 10 dogs was 1.56 ± 0.06. The individual values are given in Table 1 . The dependence of the postextrasystolic ratio on the relationship between the prematurity of the extrasystole and the basic pacing rate is illustrated in Figure 6 . Each data point represents the mean postextrasystolic ratio of five postextrasystolic beats introduced during the isolength period. At a constant basic pacing rate of 100 min~' (X o = 600 msec), a curvilinear decrease in the ratio was observed as the interval to the extrasystole was increased. Note that when the interval to the extrasystole was equal to the basic interval (X, = X o ), there was no potentiation of P max (i.e., ratio = 1.0). At a basic rate of 120 min" 1 (X o = 500 msec), a similar curvilinear decrease in the ratio was observed as X, was progressively increased. However, at the faster basic rate, the potentiation was less at any value of X,. Similarly, at a basic rate of 150 min" 1 (X o = 400 msec), the potentiation at any X, was even further diminished. Figure 7 illustrates the relationship between the change in contraction frequency produced by the extrasystole (Af = f, -f 0 ) and the subsequent potentiation of function in the isolength postextrasystolic beat. The data represented as three curvilinear lines (Fig. 6) reduced to a single linear line when the postextrasystolic ratio was compared to the change in frequency. The degree of potentiation increased directly with the change in contraction frequency. Results of linear regression analyses of this relationship for each of the 10 dogs are given in Table 1 . The mean slope of the regression line was 5.05 x 10~3 min ± 0.59 x 10~3 min, and the mean intercept was 0.99 ± 0.01. The average correlation coefficient was 0.98 (range = 0.97 to 0.99). Thus, in every study the degree of postextrasystolic potentiation of left ventricular function was linearly dependent on the frequency change produced by the extrasystole.
Effects of Changes in Steady State Heart Rate on Left Ventricular Function
Six of the dogs in this study could be paced over a broad enough range of basic heart rates tp evaluate the effects of changes in steady state heart rate on P max • As illustrated in Figure 8 , steady state heart rate did not 
FIGURE 7
The relationship between the postextrasystolic ratio and the frequency change (&f) induced by the extrasystole. Same data as shown in Figure 6 . Each data point represents the mean ± SEM of five observations. Method of analysis is described in the text.
significantly alter P max over the range of frequencies tested (P > 0.2). However, changes in heart rate profoundly affected end-diastolic left ventricular geometry. As the heart rate was increased from 100 min" 1 to 200 min" 1 , the mean end-diastolic minor axis diameter decreased by 4.3 ± 0.9%, the mean end-diastolic wall thickness increased by 11.6 ± 1.4%, and the mean enddiastolic major axis diameter decreased by 2.5 ± 0.5% (P < 0.01). The calculated end-diastolic volume decreased from 80.7 ml ± 13.1 ml at a heart rate of 100 min" 1 to 60.1 ml ± 8.0 ml at a heart rate of 200 min" 1 (P < 0.02). Although the steady state data presented in Figure 8 represent a compilation of data from six dogs, each one showed the same statistical trends in end-diastolic dimensions and I* max as the frequency of contraction was increased. 
Discussion
The phenomenon of postextrasystolic potentiation of myocardial function has been attributed to alterations in the inotropic state which follow the introduction of a premature beat. 3 In order to assess quantitatively these inotropic changes, the loading conditions of the control and postextrasystolic beats must be controlled, so that the potentiation is a reflection solely of changes in inotropism. In an isolated myocardial preparation, this requirement is fulfilled when the muscle is contracting isometrically. In the intact heart, however, it is substantially more difficult to simultaneously control the end-diastolic length of the ventricular myocardium (preload) and systolic loading conditions (afterload).
The preload of the left ventricle was measured in the present study with ultrasonic dimension transducers. T h e validity of using these dimension measurements to calculate left ventricular volume and fiber length within the ventricular wall has been demonstrated previously. 16 By appropriate timing of the postextrasystolic beat, the enddiastolic dimensions of the potentiated beat were readily adjusted to those of the control beat and the preloading conditions were held constant (Fig. 5) .
It was impossible to control afterload within the pacing sequence. T h e interval to the postextrasystolic beat (\ 2 ) that was required to control end-diastolic dimensions was always longer than the basic pacing interval ( \ 0 ) , since filling did not occur during the extrasystole. Because of this prolongation in \ 2 , aortic pressure at the beginning of the postextrasystolic beat was uniformly less than that of the control beat (Fig. 2 ) . In addition, the peak systolic pressure of the postextrasystolic beat was always greater than control, a manifestation of postextrasystolic potentiation. Ejection phase indices of ventricular function have been shown to be highly dependent on systolic loading conditions. 23 Therefore, quantitation of the degree of inotropic potentiation using ejection phase indices is invalid, because afterload cannot be controlled.
Van den Bos et al. 24 demonstrated that sudden increases in diastolic aortic pressure in the conscious dog had no statistically significant effect on the P m a x of the subsequent contraction. Other studies have shown that alterations in afterload affected P m a x only when low diastolic aortic pressures allowed premature opening of the aortic valve. 25 " 27 In the conscious dog with normal aortic pressure, P r a a x occurred during isovolumic contraction just prior to the onset of ejection (Figs. 2 and 3 ) . Therefore, the problem of controlling systolic loading was avoided in the present study by using P m a x , an afterload-independent descriptor of ventricular function.
Praax has been shown to depend on preload {£) and the inotropic state (</>). 23 -28 Furthermore, these variables have been demonstrated to interact multiplicatively, 29 such that: Pmax <* <?•<*>•
When the end-diastolic dimensions of the postextrasystolic and control beats were identical, the effects of preload were cancelled by taking the ratio of the postextrasystolic Pmax t 0 { he control P m a x . Therefore, the isolength postextrasystolic ratio reflected solely the postextrasystolic potentiation of the inotropic state.
Woodworth, in his classic 1902 publication, 14 first recognized that the magnitude of postextrasystolic potentiation of myocardial function depended on the prematurity of the extrasystole. Later, using papillary muscle preparations, Hoffman et al. 3 further quantitated the relationship between the peak tension of the postextrasystolic beat and the interval to the extrasystole. The interval-strength curve published by Hoffman resembles the interval-ratio curves obtained in the present study. As shown in Figure  6 , for each basic pacing rate, the degree of inotropic potentiation decreased in a curvilinear fashion as the extrasystole was moved progressively further into diastole. Furthermore, at a fixed interval to the extrasystole (X,), the degree of potentiation became smaller as the basic pacing rate was increased.
Expressing the interval to the extrasystole as a change in the contraction frequency resulted in the relationship illustrated in Figure 7 . The rapid-phase potentiation of the inotropic state of the myocardium was linearly related to the change in the frequency of contraction. The exact physiological explanation for this linearity is unknown but presumably represents a rate-limiting biochemical process which responds to a change in the contraction frequency.
In contrast to the changes in P max observed with postextrasystolic potentiation, the alterations that occurred after a change in the steady state frequency of contraction were minimal (Fig. 8) . These results are compatible with those published by Noble et al. 30 and Higgins et al." In the present study, however, significant decreases in enddiastolic volume occurred with increasing heart rates. This decrease in end-diastolic volume may have been partially responsible for the lower steady state potentiation of function that was observed after an increase in frequency in the intact heart as compared to that which has been noted in isolated myocardium. 12 This hypothesis is supported by the data of Higgins et al. 6 and Mahler, 9 which demonstrated a significant increase in P max with increasing steady state heart rates when end-diastolic volume was controlled. In summary, the rapid-phase force-frequency changes are large in the intact ventricle, in comparison to the minimal steady state force-frequency alterations. When using postextrasystolic potentiation to quantitate rapidphase changes, it is important to control the timing of the extrasystole and the preload of the postextrasystolic contraction. The potentiation of the inotropic state, as quantitated by the postextrasystolic ratio, appears to depend linearly on the change in contraction frequency induced by the extrasystole. These findings may be important to future studies of left ventricular force-frequency characteristics.
